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Abstract

A simple process for selective removal of carbon from single-walled carbon nanotube
samples was developed based on a mild oxidation by carbon dioxide. The reactivity profiles of
as prepared and purified nanotube samples were determined using both TG and a related
analytical technique, Controlled Atmosphere Programmed Temperature Oxidation (CAPTO).
The complex differential rate curves for weight loss (DTG) or carbon dioxide evolution
(CAPTO) could be resolved by a series of Gaussian peaks each associated with carbonaceous
species of different reactivity. Comparisons were made between samples as received after
preparation by the laser ablation method, after purification by nitric acid oxidation, and both of
these after reaction with CO,. The DTG of as prepared tubes had a broad major peak centered
about 410 °C. Mild oxidation of as prepared nanotubes under flowing carbon dioxide at 600 °C
preferentially removed more reactive carbon species leaving behind a narrower distribution
about the mgjor peak in the DTG. In contrast to the as prepared material, the sample that had
been purified using nitric acid had a more distinct separation of the magjor DTG peaks between
more and less readily oxidized material. Oxidation of this sample with CO, selectively removed

the peak associated with the most readily oxidized material. The origind CO, oxidation



experiments performed on the analytical scale were successfully scaled up to a small preparative
scae.
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1. Introduction

Partial and selective oxidation has been routinely used to modify the adsorption
characteristics of activated carbons. Similar approaches might be valuable in modifying single-
walled carbon nanotubes (SWCNTS). In particular, it has aready been demonstrated that partial
oxidation with carbon dioxide opens the ends of and “thins’ multi-walled nanotubes [1] as well
as increases the microporosity of soot [2] derived from arc vaporization of carbon. In fact, we
have discovered that mild oxidation with CO; is an effective way for activating SWCNTS,
thereby increasing their hydrogen storage capacity [3]. In addition to activating SWCNTSs, mild
CO, oxidation provides insight into their chemical reactivity and character. The application of
TG and related techniques is particularly valuable in this context. A comparison between
samples of raw and purified nanotubes received from Tubes@Rice [4] is the main focus of this
work. The raw material was purified by partial oxidation using HNOs followed by extraction
and washing [5]. This technique was devised to generate high purity SWCNTSs by removing the
commonly encountered contaminants. metallic catalyst, amorphous carbon, “shells’, and various
fullerite structures. A recent extensive TEM study of the effects of purification by treatment
with strong acids has shown that typically employed purification procedures lead to partial
oxidation of SWCNTs themselves and sometimes to an extensive disruption of the tubular
structure [6]. We report below on the use of carbon dioxide for the selective removal of easily
oxidized material from SWCNTSs produced by the laser ablation method [7] and purified samples

of those materias [5].

2. Experimental



SWCNT samples were purchased from Tubes@Rice. The “Purified” grade was received
as a suspension in toluene (6 mg/mL). Samples (typicaly 10 mL) were withdrawn and
evaporated in a stream of N, and then heated to 110 °C at 25 mm Hg pressure for 2h or at 140 °C
for 12h at atmospheric pressure. Samples were often stored under ambient conditions for days
prior to use and most received moderate grinding prior to use. “Raw Materia” grade was
received as a solid fibrous material and was subjected to moderate grinding to facilitate handling.
Submicron nickel powder was purchased from Aldrich. Huffman Laboratories, Inc performed
the direct determination of the oxygen content of the nanotubes. The amount of CO and CO,
formed during pyrolysisto 1200 °C was determined in a Leco RO-478 oxygen analyzer.

2.1 Carbon Dioxide Oxidation.

In atypical experiment, 60-200 mg of SWCNT was placed between loose quartz wool
plugsin a12 mm by 20 cm Vycor tube. This tube was placed inside a 1 inch OD quartz tubein a
tube furnace. The inner tube was connected to a gas manifold via PTFE fittings and a flow of dry
argon was begun through the sample at 10 mL/min. Carbon dioxide was then added to bring the
total flow to 20 mL/min. The sample was brought to about 600 °C over the course of about one
h while the effluent was monitored by mass spectrometry. After about 2 h at 600 °C, the furnace
was turned off and the sample was cooled to ambient temperature under Ar flow. A typica
recovery was 68 - 69% by wt for both the purified and raw samples.

2.2 CAPTO Analysis

Controlled atmosphere programmed temperature oxidation (CAPTO) analyses were
performed by VIROLAC Industries of Waynesburg, Pa. The genera method has been described
[8]. Briefly, the ground sample (10-15 mg) was well dispersed in 12 g of WO3, added as a

diluent, and packed into a quartz tube. The WO3 was heated under O, to 1050 °C before use to



eliminate potential interferences due to trace organic contamination. A thermocouple located
within the bed read the actual temperature of the sample. A stream of pure oxygen regulated by
a mass flow controller at 100 mL/min was passed through the sample plug while it was heated

using a programmed temperature ramp of 3 °C/min up to 1050 °C. Complete combustion of the

gases exiting the primary reactor was obtained in a secondary catalytic reactor held at 1050 °C.
A calibrated FTIR spectrometer determined the carbon dioxide content of the exit stream, and
the data was plotted as the mass of carbon dioxideevolved as a function of sample temperature.
These plots were analyzed by a commercial peak-fitting software package or in some cases by
using MS Excedl as described below.
2.3 Thermal Analysis

Nanotube samples (~2-3 mg) were placed in the platinum pan of a Perkin EImer model
TG-7 thermogravimetry (TG) system. Submicron Ni samples used to emulate the oxidation of
catalyst particles were about 7 mg. Each type of sample was subjected to at least duplicate TG
scans. The temperature was increased at 5 °C/min. from ambient to 1000 °C. Reactive gas
flow, either air or carbon dioxide, was 50 mL/min. The dta files were written to a disc and
opened with MS Excel. The first derivative of the thermal curves was calculated numericaly
from a 10 point moving average of the mass and temperature over a5 °C range.

Most DTG (derivative thermogram) curves were analyzed using multiple Gaussian
curves of the form

Vi = Yimin)@XP[-AN2(Ti-Ty(min ) 2/HFWdtHF)]

generated in MS Excel. Values of y were generated for approximately 1600 points between i =

30 °C and 1000 °C, where Ymin) is the maximum rate of mass change at Tymin) and HfWdth



represents the half width of the Gaussian curve. CAPTO curves and the DTG in air of carbon
dioxide oxidized material were better fit by alognormal function instead of the smpler Gaussian
curves. The lognormal function was of the form described in Billo [9] but modified to include
asymmetry before and after the extremum. The contributions of each of the identifiable steps
was made by integrating the curves generated from a non-linear least squares fit obtained by
using the add-in “Solver” within Excel. Adjustable parameters were peak height, half width,
temperature at the maximum, and two adjustable asymmetry factors for the lognormal functions.
The minimum number of curves was used to fit each DTG. This was determined by increasing
their number until the Pearson R value was not significantly improved. In one case (Fig. 5)
Solver was not used because the nonzero baseline of the DTG curve caused it to add very broad
Gaussian peaks. Instead, six Gaussian functions were fitted manually and refined stepwise until
the fit was judged visually adequate (R? = 0.993). The areas under the individual peaks are given
as the percentage of the mass loss for TG or the percentage of total carbon dioxide formed for
CAPTO.
2.4 HR-TEM

Samples of raw material grade and purified grade SWCNT before and after CO,
oxidation were also examined by high resolution TEM at The University of Kentucky. TEM
samples were prepared by suspending about 1 mg SWCNT sample in 5 mL acetone. The
suspension was ultrasonicated for over 30 min to separate out the bundles. One drop of the
supernatant liquid (transparent looking by naked eye) was placed on a lacey carbon grid. JEOL
2010F TEM was operated at 200 kV accelerating voltage. Digital images were captured by

Gatan CCD camera and software.



3. Results and Discussion
3.1 Rice Purified SWNCNT

CAPTO anaysis of purified grade Rice SWCNT is shown in Fig. 1. The weight of
carbon evolved as carbon dioxide is plotted versus temperature. The curve shows that the initial
oxidation starting at 200 °C is the first of four distinguishable but unresolved peaks. The results
of curve fitting (RZ = 0.999) and integration of the individual components are also shown. The
first oxidation is centered at 297 °C and accounts for 28% of the total. The mgor component
(67%) is centered at 368 °C and two minor components at 409 °C (1%) and 459 °C (5%) follow
it.

One concern about TG and related methods is the possibility of distortion caused by the
effects of local heating from exothermic reactions. In fact, it has been reported that local heating
caused by oxidation of amorphous carbon leads to the pre-ignition of SWCNT. [4,13] The
CAPTO method was expressly designed [8] to minimize exothermic effects by providing alarge
therma mass though the heavy dilution (1200:1) of the sample with WO3. This ratio was
selected in the original development of the method based on results of a progressive dilution of
the sample. The effect of exothermic reactions was progressively reduced with greater dilution
until they were extinguished before reaching the ratios used here. The use of an even higher
dilution had no effect on the result. Thus, CAPTO of purified Rice SWCNT using a 4000:1
dilution gave a curve practicaly identical to that in Fig.1, except for scale of the response.
Additional experiments were performed substituting quartz fibers or Celite for WO3 to rule out
the possibility that it might act as an oxidation catalyst. The fundamental aspects of the curves

did not change indicating that catalysis by the diluent was not a factor.



Typical TG and DTG curves for purified SWCNT are shown in Fig. 2. Similarities and
differences between CAPTO (based on carbon dioxide evolution) and TG (based on mass |0ss)
are evident. First, TG shows a mass loss of 3.2 % occurs before 150 °C that is probably due to
water that had been picked up from ambient air before the test. In separate experiments, mass
loss and mass spectrometry indicated that the SWCNT samples lost water (up to 8%, depending
on sample history) under inert atmosphere at temperatures of 100-200 °C. Second, mass loss
from oxidation begins at a higher temperature in TG (air) than in CAPTO (oxygen). In TG
oxidation begins at about 270 °C and seems to occur in at least four distinct, but not well
separated steps.  The residue at 1000 °C amounted to 9.9% of the original mass, and is attributed
to a mixture of cobalt and nickel oxides derived from the catalyst used in synthesizing the
SWCNT [4]. Anaysis of the residue by ICP confirmed that it was made up of the oxides of
these metals.

A search for local heating effects in TG was made using an approach similar to that done
in CAPTO. Purified SWCNTs were ground and intimately mixed with 12 parts of WO3, When
compared to Fig. 2, the form of the DTG was unchanged although there was somewhat more
noise because of the scant amount of carbon in the sample. Thus evidence for effects due to
uncontrolled exothermic reactions is lacking in both TG and CAPTO.

The DTG curve (Fig.3) reveals that the major oxidation reactions beginning at about 270
°C are readily distinguishable as at least two processes. The curve fit the data between 150 °C
and 1000 °C well (R? = 0.997). The low temperature oxidation reaches a maximum rate at 329
°C and accounts for 36% of the total mass loss between the end of water evolution and 1000 °C.

The main peak at 410 °C accounts for 55% of the mass change and the high temperature peaks at



537 °C and 612 °C account for 7% and 2%, respectively. The remaining mass loss is indistinct
in the derivative curve.

An arbitrary positive Gaussian curve was added to the calculated DTG curve to account
for the mass gain associated with the oxidation of the catalytic metals. The central temperature,
half width, and peak height were alowed to vary, but the mass gain (2%) for oxide formation
was set by assuming an equi-atomic Co/Ni alloy was oxidized to the +2 state. The fina
refinement placed its center at 439 °C. Evidence that inclusion of this peak is reasonable was
obtained from TG of asample of pure nickel metal of sub-micron particle size. Oxidation of this
nickel sample to NiO (98.7% of theory) took place between 350 °C and 600 °C.

The oxidation using both air (TG) and oxygen (CAPTO) indicates two major corstituents
are present in the purified nanotube sample, but neither technique could fully resolve them. A
less reactive but possibly more selective oxidant was chosen in an attempt to improve the
resolution. Thus TG was performed on the purified Rice sample in an atmosphere of carbon
dioxide (Figure 4). There are two major and easily distinguished mass losses, one between 200
and 600 °C (32%), the other between 650 and 950 °C (52%).

A good fit of the experimental DTG curve required a minimum of five peaks for carbon
(Figure 5). Significantly, the first peak is resolved from the others and accounts for roughly the
same percentage of carbon (33%) as the leading peak in the DTG under air (36%) and in CAPTO
(28%). Thus the first mgjor peak seems to be a common element in all three techniques. Other
similarities are apparent. The loss from 30-200 °C (6%), due mostly to water, and the mass
remaining at the end (10.3%), were comparable to those found earlier. As before, the gain due to
oxidation of metals was accounted for by including a mass increase (2%) based on the theoretical

amount expected. This contribution refined to the weight gain centered at 811 °C. This



correlates reasonably well with the oxidation of a sample of pure submicron Ni in carbon dioxide
that began at about 600 °C and reached a maximum rate at 885 °C. The ultimate gain
corresponded to 98% of the theoretical amount for NiO.

3.3 Carbon Dioxide Oxidized Purified Grade SWCNT

The analytical results described above provided reason to believe that a selective removal
of the most easily oxidized carbon could be accomplished on a larger scale. Accordingly, the
advantage of endothermic oxidation by carbon dioxide was carried from the analytical to a small
preparative scale in a tube furnace. Samples of purified Rice nanotubes were placed in a quartz
tube and heated to 610 °C for about 2 h under a flow of 50% carbon dioxide in argon. The
reaction was monitored by mass spectrometry. As the temperature increased a marked increase
in the m/e = 28 peak in the mass spectrum of the effluent was observed, as expected from the
reaction.

CO,+C ® 2CO
After 1.6 h, thissignal returned to the baseline associated with the mass fragment derived from
the flow of carbon dioxide. In replicate experimerts with varying sample sizes, 55 - 68% of the
origina sample weight was recovered after oxidation.

A 10 mg portion of the CO, oxidized Purified Rice material was subjected to CAPTO
analysis in oxygen as shown in Figure 6. The data were best fit (R*> = 0.999) by four functions,
the two at lower temperatures being asymmetric. The major contributor is centered at 383 °C
(88%) with the remainder at small peaks at 324 °C (5%), 409 °C (1%), and 459 °C (5%).
Comparison to Figure 1 shows that the leading peak has been largely removed by CO, oxidation.

The corresponding TG of this materia is shown in Figure 7. A mass loss of 2 % is

centered at 94 °C (water) followed by the prominent and sharp oxidation reaching a maximum
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rate at 421 °C. Contributions to the curve above 150 °C were centered at 421 °C (84%), 498 °C
(10%), and 625 °C (5%). Again, by comparison with Figure 3, it is apparent that the leading
peak has been removed.

For a closer comparison, Figure 8 shows the overlay of DTG curves for purified SWCNT
before and after carbon dioxide oxidization (note derivative scale difference). The selective
removal of the lower temperature constituents that was achieved by carbon dioxide oxidation is
apparent. The magor component is dightly shifted (11 °C) to higher temperature. This may be
the result of increased order produced by the annealing effect of prolonged periods above 600
°C. Annealing of the rope-like structures by heating to similar temperatures has been reported
[5]. A similar increase (15 °C) is ®en when the corresponding CAPTO curves are compared.
The single main peak in both CAPTO (Figure 6) or TG (Figure 7) is evidence that the recovered
materia is relatively homogeneous.

Comparison of the CAPTO and DTG analyses shows that the onset of oxidation
progresses toward higher temperatures as the reactivity of the oxidant decreases as expected. It
begins about 200 °C in pure oxygen, is delayed until 270 °C in air, and does not begin until 300
°C in carbon dioxide. Oxidation by carbon dioxide is the most selective of the three and the
most reactive component is well separated from the others. Significantly, the lower temperature
oxidation peak accounts for 28-36 % of the purified Rice nanotubes in each anaysis. The bulk
of the remaining material is accounted for by peaks centered at 368 °C (oxygen) and 410 °C
(air). In accord with its more selective nature, the high temperature envelope under carbon
dioxide was resolved by two major components at 750 °C (35%) and 822 °C (24%) and a minor
peak at 870 °C. These three analyses all reflect the fact that nitric acid purified nanotubes still

contain a mixture of carbon species of differing reactivity.
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3.4 Carbon Dioxide Oxidized Raw Material

The TG and DTG curves are given in Figure 9. Weight loss in air started near 300 °C
and continued to near 800 °C. After complete oxidation 7.3%-8.8% Co/Ni oxides remained,
corresponding to 5.8%-6.9% of the metas in the sample. DTG reveals a complex pattern of
oxidation losses that are well described (R?=0.996) by a sum of Gaussian peaks at 313 °C (14%),
358 °C (28%), 409 °C (46%), 478 °C (6%), and 525 °C (8%). A peak for weight gain at 438 °C
corresponds to metal oxidation.

Compared to purified grade, raw material began to oxidize at a higher temperature and
required a set of more closely spaced Gaussian peaks for an adequate fit. Significantly, the
major component of both samples is centered about 410 °C. By comparison of Figures 3 and 9 it
is evident that after purification the main component was a somewhat larger fraction of the tota
carbon. We aso note that after purification the first two peaks found in the raw materia are
replaced by a single peak.

If the peak around 410 °C is due to nanotubes the material that comes before it must be
assigned to forms of carbon that are more readily oxidized. For the raw materia the first carbon
peak is reasonably assigned to amorphous carbon. This assignment has been made in a study of
SWCNT made by the arc discharge method [10]. For the purified sample the first peak is likely
to include nanotube fragments or badly damaged nanotubes introduced during the HNO;
oxidation. Disruption of the nanotube structure and the introduction of a relatively high number
of functional groups would make these fragments prone to easier oxidation. In support of this
idea, we note that partially damaged nanotubes containing many defects have been observed in

the purified materia by HR TEM [6]. Similar findings were made with SWCNTSs purified by

12



oxidation in agueous H,O» [11]. Inthis case, amorphous carbon particles that coated the surface
of nanotubes in the oxidized sample were removed by treatment with NaOH.

A comparison between the raw material before and after CO, oxidation was made next.
The oxidation was carried out at 600 °C for two hours just as with the purified sample. The
weight loss was about 31 % and may be compared to the loss of 32-45 % observed with the
purified material. On this basis, the reactivity of the purified material, which has already seen
oxidation by HNOs, is at least as high or higher than that of raw material.

The TG of the recovered material (Figure 10) shows initial weight loss began at about
300 °C and continued to about 700 °C. The weight of metal oxide residues increased to 14.3%,
corresponding to 11.3% metals in the origina sample. The DTG is well represented (R°=0.999)
by Gaussian peaks centered at 319 °C (7%), 363 °C (29%), 406 °C (51%), 477 °C (4%), and 526
°C (13%). As before, a peak for weight gain at 421 °C indicates the catalytic metals oxidize

during the TG analysisin air but not under CO, at 600 °C

An overlay of the DTGs for raw material before and after CO, oxidation (Figure 11)
shows that the post-CO2 oxidation profile is narrower and consistent with removal of more
easily oxidized species. The same number of peaks is used to fit both DTGs and the centers of
the carbon peaks are within seven degrees or less of each other. In contrast to the complete
remova of the lowest temperature peak found with the purified sample, no peak has been
completely eliminated by CO, oxidation of the raw material. However, the distribution among
the peaks has changed. The relative amount of net loss sustained by each peak was calculated
by normalizing the curves based on the relative amount of metal oxide residue. A selectivity

index was defined based on the normalized areas to express the amount lost by each peak relative
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to the total amount of carbon lost. As shown in Table 1, the first and fourth peaks are more
reactive than the average, while the last peak is more resistant than the average. This confirms
the initial observation that the first peak suffers the greatest relative loss while the highest
temperature peak has been relatively enriched.

A high-resolution TEM study was made of both purified and raw samples before and
after CO, oxidation. The starting materials aready have been the objects of extensive HR-TEM
studies [5,6]. The photographs given here confirm that our samples conform to the expected
characteristics. For example, inspection of several regions of the raw material gave evidence of
the variety of structures commonly associated with this sample. Figure 12 shows bundles of
SWCNT. The nano-particulate metallic NiCo catalyst is also evident. Encasement of larger
catalyst particles by graphitic carbon (not shown) was also observed. A smaller bundle of
purified tubes is shown in Figure 13. Overall, reduction in the amount of amorphous carbon
adhering to the tubes is observed. Catalyst particles encased in graphitic structures are still
evident.

Images of samples after CO, oxidation provide new information. Figure 14 shows that
the tubular structure and rope-like arrays in the purified sample have been preserved. It is also
clear that the encasements of graphitic carbon about the catalyst particles also remain intact
(Figure 15). This observation is consistent with the fact that oxidation of the metallic particles
took place during the TG of the material recovered after CO, oxidation. An array of tubes
showing evidence of damage to the SWCNT bundle is presented in Figure 16. Views of the CO,
oxidized raw material show similar aspects (Figure 17). In addition, it appears that some ill-
defined carbon nanostructures and possibly amorphous carbon still adhere to the surface of the

tubes. This again corresponds to the TG results that show CO, oxidation does not completely
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remove the low temperature peak from the raw material. In all of the images there is scant direct
evidence of tube ends or open tube ends, in particular. However, tube side-wall defects are
apparent. These might arise from the enlargement of small defects by oxidation. For example,
the nitric acid purification leaves behind up to 5% carbon in the form of oxygenated
functionalities presumed to cap the dangling bonds at defect sites [12]. These groups were
removed by pyrolysis beginning at 350 °C. Significantly, the defects recreated by pyrolysis
were oxidized again with ozone at a lower temperature, then thermally decomposed again to
create a cycle that effectively titrated tube defects with O3 [12]. In view of the ready
decomposition of the partially oxidized sites and oxidation of the resulting defects, it is
reasonable to interpret the results of CO, oxidation in a similar way. In addition to he
amorphous carbon that is well recognized to be reactive, carbons that were partially oxidized
during the nitric acid purification would also be more susceptible and thus selectively removed
by CO, oxidation.

In this light, it is interesting to compare the samples on the basis of oxygen content.
Direct oxygen determination places the samples in the order: purified (13.3%) > purified, CO, -
oxidized (8.0%) > raw (4.9%). Thus, the nitric acid oxidized material has the highest oxygen
content, while the doubly oxidized material stands second. This result can be understood by
taking into account the loss of oxygenated groups incurred by pyrolytic mechanisms at the

temperature used for secondary CO, oxidation.

4. Summary and Conclusions
Raw and purified SWCNTSs produced by the laser ablation technique were analyzed by
CAPTO and TG. Both anayses (Figures 15) reveal that despite the considerable extent of

purification achieved by nitric acid oxidation, the purified sample remained a mixture of carbons
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of different oxidative reactivity. Comparative analyses were conducted in three atmospheres of
differing oxidative reactivity — oxygen, air, and carbon dioxide. In each case, a progression of
four to five peaks was found as the oxidation temperature increased. The magor peak in each
analyses was attributed to nanotubes while minor peaks were associated with amorphous carbon,
graphitic shells surrounding catalysts particles, graphitic debris, or partially oxidized remnants of
the nitric acid purification procedure. The oxidation temperature for each component increased
as expected in going from oxygen to air to carbon dioxide. In addition, the degree of selectivity
among the components was inversely proportional to the oxidative severity of the reactive
atmosphere. Least discrimination was found under oxygen while most was found under carbon
dioxide. Air was intermediate.

The very sdlective nature of the endothermic oxidation by carbon dioxide makes it a
convenient preparative method for removing the most reactive components of the purified
sample. Thus, 28-36% of the mass was removed from samples ranging from 60 — 200 mg by
isothermal oxidation under carbon dioxide at 600 °C. Analyses of the remaining materia by
CAPTO (oxygen) and DTG (air) show that the initial oxidation peak had been largely removed.
This peak is associated with partially oxidized remnants of amorphous carbon and nanotube
fragments remaining from the prior nitric acid purification. When applied to the raw material,
the CO, oxidation was less successful in selectively removing the most reactive component. In
this case the oxidation profile was narrowed but the DTG still contained a tightly grouped series
of fiveindividua peaks.

The identification of the material removed by carbon dioxide oxidation relies on
circumstantial evidence. It is evident by examination of HRTEM images taken before and after

the carbon dioxide oxidation that the main body of nanotubes is preserved. The before images
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also are consistent with the conclusion of another TEM study that the nitric acid purification step
leaves behind partially damaged tubes [6]. It is reasonable that partially damaged tubes may be
more susceptible to oxidation by carbon dioxide than whole tubes and that the most extensively
damaged tubes could be selectively removed from the purified sample by a controlled
temperature oxidation. Selective removal is aided by the fact that the CO, reaction is
endothermic. It has also been reported that thermal treatment promotes “healing” of the defects
by skeletal rearrangements. At least some of this healing effect is achieved at 600 °C. Thus, two
reactions may go on concurrently; removal of the most damaged tubes by oxidation, healing the
less damaged tubes by thermolytic reactions.

No evidence was found in these experiments for effects due to local heating, ignition, or
run away reactions. The TG and DTG curves (Figure 2) display well defined features indicative
of stepwise oxidation. The relative size of the low temperature component is nearly the same
regardless of whether oxygen, air, or carbon dioxide was used, consistent with selective reaction
of an individua component. It is especiadly convincing that the endothermic carbon dioxide
reaction selectively removes the corresponding initial peak of the exothermic oxidations. These
results support the assignment of peaks to components according to their oxidative reactivity.

Selective oxidation by carbon dioxide is asimple, clean, and reproducible method for the
remova of extraneous materials from SWCNT samples. The procedure does not require
complex apparatus and has the added advantage that it requires no filtration or other separation.
Samples treated this way appear more uniform in their oxidative characteristics when analyzed
by TG and DTG in air, or CAPTO in oxygen. This selective oxidation has a pronounced effect
on the adsorption characteristics of these nanotubes [12] including the enhancement of their

hydrogen storage capacity by afactor of 2-3[13].
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We also note in passing that the oxidative reactivity of carbon nanotubes has become a
more intriguing aspect of their many unusual properties since the report of their ready ignition on
exposure to an ordinary photo-flash [14]. Indeed, we have reproduced the reported photo
ignition using the same raw material nanotube sample that was studied here [15]. Appreciation
of their ready oxidation at relatively low temperatures as found above may aso assist

understanding of the photochemical ignition of nanotubes.
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Table 1. Selectivity of Carbon Removal by CO, Oxidation of Rice Raw Material SWCNTs.

Peak Per Cent of Total Carbon Selectivity"
Before After

313-319 °C 13.7% 6.7% 1.48
358-363 27.5 27.9 0.99
409-406 45.1 49.0 0.92
478-477 59 3.8 1.32
525-526 7.8 12.5 0.44
Metals content 5.8 11.3

1. Sdectivity is the ratio of carbon lost on CO, oxidation for each peak relative to the tota loss
of cabon by the sample caculated from the increase in metals content.

20



mg C/ °C

—Exp

%

""" 1%

—Calc

T(€)

""" 28% 297
""" 67% 368

409
459

600

Temperature (°C)

800

Figure 1. Experimental and Calculated
CAPTO Purified Rice Nanotubesin

Oxygen.

AwWrdT,

200

400
Temperature (°C)

600

800

Figure 2. TG and DTG of Purified Rice

Nanotubes in Air.

1000

100

19
T80
170
T 60
150
T 40
130
120
10

0

1000

Weight %

dw/idT

dw/idT

TP

—Exp
—Calc
%

- 36%
------ 55%
...... 2%

7%

T(C)
329
410
439

537

612

200

400

600

800

Temperature (°C)

1000

Figure 3. Experimental and Calculated DTG
Purified Rice Nanotubesin Air.

200

400

600

800

Temperature °C)

Figure4. TG and DTG of Purified Rice
Nanotubes in CO2.

1000

21

Weight %



n L 100
1" I'IL o EXp T%
' Y —Calc Lo
—Exp Vs % T(C) °
— —cCalc ‘ T AT, B gaw 421 X
] % T(C) E R Y A EETIEN 10% 498 T 60 E
§ """ 33% 386 ; = 5% 625 TS O
‘8% 586 ' I —
= I 35% 785 \ ° —1G 140 g
24% 820 130
------ 2% 811 T20
""" 3% 870 1%
0
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)
Figure 5. Experimental and Calculated Figure 7. TG and Experimenta and
DTG of Purified Rice Nanotubes in CO2. Calculated DTG in Air of CO2 Oxidized
Purified Rice SWNT.
—Exp 7 '
Q — Calc o
o\ % T(C) Before CO2 Oxidation
LC)D :Z;/o ggg 5 — After CO2 Oxidation | =
S A T 1% 409 S E
B0 459 © ©
0 200 400 600 800 1000
0 200 400 600 800 1000

Temperature C)

Figure 6. Experimental and Calcul ated
CAPTO in Oxygen of CO2 Oxidized
Purified Rice SWNT.

Temperature °C)

Figure8. DTG of Purified Rice SWNT in
Air Before and After CO2 Oxidation.

22



— ycalc - 80
% T(C) T
- —14% 313 |1 60 © 5 E
2 —28% 358 S = 13
_g —a6% 409 || 40 = T | ©
6% 478 — RawRice 1
—-2% 438 ] — CO20xRawRice
—8% 525 |T 20 ]
—1G
0
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature®C Temperature (°C)
Figure 9. TG and Experimental and Figure 11. DTG of Rice Raw Material
Cdculated DTG of Rice Raw Materid SWNT in Air Before and After CO2
SWNT in Air. Oxidation.
100
—Exp T80 10 amny
— Calc :
= % T(C) +60 o
3 —7% 319 ‘;"§
2 —29% 363
© —51% 406 T 40
—-3% 421
—4% 477 + 20
—13% 526 "
— TG 0

0 200 400 600 800 1000
Temperature (°C)

Figure 10. TG and DTG of Rice Raw

Material after CO, oxidation.

Figure 12. High resolution TEM of Raw
Material.

23



Figure 15. High R ‘ of Pu
Tubes after CO, oxidation at 600 °C.

Figure 14. High of purified Figure 16. High Resolution TEM of
tubes after CO, oxidation at 600 °C. Purified tubes after CO, oxidation at 600 °C.
Note side-wall damage.




Figure 17. High Resolution TEM of Raw
Material after CO, oxidation at 600 °C.
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